We present a novel process of immobilization of gold nanorods (GNRs) on a glass surface. We demonstrate that by exploiting monolayer protection of the GNRs, their unusual optical properties can be completely preserved. UV-visible spectroscopy and atomic force microscopy analysis are used to reveal the optical and morphological properties of monolayer protected immobilized lipophilic GNRs, and molecular dynamics simulations are used to elucidate their surface molecule arrangements.
Introduction
Gold nanorods (GNRs) are promising nanostructures because of their unique, fascinating and tunable anisotropic optical and physical properties; for example, the longitudinal plasmon resonance (LPR) band of GNRs can be tuned over the visible to near infrared (NIR) wavelength range by changing their aspect ratio (the ratio of length to width) [1] [2] [3] . Because solid-state (glass-based) devices with unusual and customized optical functionalities are sought, such properties are important for a number of specific technological applications, such as in providing decorative coatings [4] , catalysts [5] , optical filters [6, 7] , and nonlinear optical materials [8] , and other functional applications [1] [2] [3] .
So far, GNRs have been mainly prepared and functionalized in aqueous solutions [9] and only a few methods have been proposed for transferring GNRs in organic media, to obtain organo-soluble (lipophilic) GNRs with completely preserved optical properties [10] [11] [12] [13] . Lipophilic GNRs have been successfully prepared by means of polymer/polyelectrolyte coatings [10, 13] , but only a few studies have reported the thiol-based monolayer protection of GNRs as an elegant easily used tool for transferring GNRs in organic solvent (not miscible with water) [11, 12] . In general, monolayer protection of lipophilic gold nanoparticles (NPs) gives superior stability, lower interfacial energy and better compatibility with organic polymers and surfaces in comparison with water-soluble NPs, opening the way to a high degree of control during solution and surface processing, as well as greater functionality [12, 14] .
Several approaches using aqueous GNRs have been developed for achieving nanostructured GNR patterns on solid supports [6, 15] . Although these nanostructured materials have potential uses in areas ranging from electronics to biosensors [16] , after deposition of the GNRs their optical properties are found to be substantially changed. It seems reasonable to expect the monolayer protection of lipophilic GNRs to open the way to a wide spectrum of innovative specific applications, because of the opportunity that it affords for customizing desirable further molecular functionalization of GNRs directly or on solid-state supports.
In light of this, with the aim of transferring the unusual optical properties of GNRs on a solid-state support, here we report a new approach for the immobilization of GNRs on a 
Materials and methods
All chemicals were purchased from Sigma-Aldrich (St Louis, MO) and used as received; they included cetyltrimethylammonium bromide, CTAB H6269 (99%), and 3-mercaptopropyltrimethoxysilane, MPTS (95%).
Following the methods of El-Sayed and co-workers, the GNRs were prepared by the seed-mediated growth method, with different aspect ratios (1 mg ml −1 gold and 10 mM CTAB) [9] . Lipophilic GNRs were obtained by the simple one-step phase transfer process [11] , which is based on a straightforward one-step ligand exchange reaction in a hydro-alcoholic mixture with 1-thiol (1 mg ml −1 gold and 2 mM 1-thiol). MPTS-functionalized glass slides (2 × 1 cm 2 ; see ESI, available at stacks.iop.org/Nano/23/055605/ mmedia) were then dipped, in the vertical position to exclude physical deposition on them, into GNR solutions of different concentrations and for different times (30 min, 2 h and overnight). The GNR solutions used for the immobilization on glass slides were aqueous GNR-CTAB solution and lipophilic GNR-1 solution, obtained by the 1:10 dilution (0.1 mg ml −1 gold, labeled as C, for concentrated) and 1:30 dilution (0.034 mg ml −1 gold, labeled as D, for diluted) of the corresponding solution obtained from the synthesis. After the immobilization step, the glass slides were washed several times with water (for GNR-CTAB) or chloroform (for GNR-1) and with ethanol, and then dried in a stream of N 2 .
Results and discussion
The water-soluble GNRs (GNR-CTAB) with different aspect ratios employed in our experiments were all prepared by a seed-mediated growth method [9] using a high concentration of the cationic quaternary ammonium surfactant cetyltrimethylammonium bromide (CTAB; figure 1) as the stabilizing agent. The synthesis was scaled up to volumes over 100 ml without modification. The original concentration of CTAB (100 mM) was sequentially lowered to 10 mM by successive centrifugations and re-suspensions in DI water. Figures 2(A) and (B) show a representative UV-visible absorption spectrum and a representative TEM image of GNR-CTAB with an aspect ratio of ∼4.4 (average size of ∼61 nm ± 5 nm × 14 ± 2 nm) whose LPR and transverse plasmon resonance (TPR) bands are located at 784 and 509 nm, respectively. The former band dominates the profile of the spectrum as compared with the TPR band, confirming the low concentration of by-products (as spherical nanoparticles).
In order to study the importance of the ligand shell of the GNRs as regards their immobilization on a thiolfunctionalized glass surface, lipophilic CTAB-free GNRs have been obtained by a straightforward one-step ligand exchange reaction with ligand 1 (figure 1) of freshly prepared GNR-CTAB in a hydro-alcoholic mixture [11] . In this way, GNRs are coated with a monolayer of 1 (GNR-1), which stabilizes them in chloroform solution, preserving their unusual optical properties. The absorption profile spectrum (figure 2(A)), where the LPR band of GNR-1 is red shifted due to the change of refractive index of the surrounding environment [11] , confirms the absence of aggregations, revealing no broadening and shape variation.
The TEM image of GNR-1 (figure 2(C)) shows no significant size and shape changes of the GNRs and a ring-like organization, revealing the hydrophobic nature of their surface [17] , which is further confirmed by photographs shown in figure 2(D). The FTIR spectrum (figure 3) of GNR-1 shows the absence of the quaternary amine stretch of CTAB (958 cm −1 ) [11] and the presence of peaks of ligand 1 in particular, NH deformation combined with a CN stretch (1599 and 1515 cm −1 ) and an amide C=O stretch (1673 cm −1 ) shifted and partially overlapped with an ester C=O stretch (1737 cm −1 ).
Molecular dynamics simulations of the ligand surface morphology on metal surfaces have been demonstrated to be a useful complement to experiments for obtaining insight into ligand-metal surface interactions [14, [18] [19] [20] [21] . Herein, MD simulation of 1 SAM on Au(111) surface has been used to obtain insight into the surface morphology of 1 SAM. MD simulation of 1 SAM showed typical oriented thiol SAM arrangements, showing an angular distribution of the tilted angle centered on ∼30.5 • (averaged between the phenyl and alkyl tilt angles; see the supporting material available at stacks.iop.org/Nano/23/055605/mmedia), in good accordance with literature values (∼30 • ) [22] . Furthermore, the results from MD simulation demonstrate the formation of a strong network of H bonds between amide groups and 1 molecules, oriented parallel to the gold surface ( figure 3(B) ) [23] [24] [25] . This confirms the importance of the design of the ligand as regards providing improved robustness for the GNR ligand shell [11] . The thickness of the 1 SAM was determined by atomic density profile (ADP) analysis of the system; the value obtained (∼24Å) is in quite good accordance with ellipsometry and XPS data for thiols with comparable size [26] . Moreover, ADP analysis of the O, N, H, and C constituting the 1-amide group units showed averaged interatomic distances with respect to Au surface atoms of ∼8Å. In light of this, the difference between the FTIR spectra of 1 monomer and GNR-1 (especially in the 1500-1750 cm −1 range) could be ascribed to the vicinity with the gold surface and probably also the presence of the phenyl ring; both could affect the H bonding network promoted by the 1-amide group units. This is in part in accordance with previously reported studies on gold nanoparticle/planar surfaces and further investigation will be necessary to understand these effects [22] [23] [24] [25] [26] [27] .
With the aim of immobilizing GNRs through the formation of sulfur-gold bonds, the glass surface has been functionalized with 3-mercaptopropyltrimethoxysilane (MPTS; see figure 1 ). In accordance with previous reports [28, 29] , by co-condensation of the methoxy groups of the MPTS with the hydroxyl groups of the glass surface, a highly ordered and thiol-functionalized glass surface has been achieved, as confirmed by the contact angle [30] and AFM (roughness analysis) [31] .
Mercaptosilane-modified glass substrates were immersed in GNR-CTAB aqueous solutions and GNR-1 chloroform solutions to investigate the effect of three factors: the incubation time (30 min, 2 h or overnight); the ligand shell of the GNRs (CTAB versus ligand 1); and the concentration of GNRs (C (concentrated) solution, 0.1 mg ml −1 gold, versus D (diluted) solution, 0.034 mg ml −1 gold). These values (for C and D solutions) have been selected in order to show two concentration limits which correspond to two different representative situations that can be readily differentiated through experimental characterization (UV and AFM). Contact angle (CA) and AFM measurements have been used to investigate and monitor the process of immobilization of GNRs on the glass surface, while the optical properties of GNRs on solid-state supports have been studied by UV-visible absorption spectroscopy.
In contrast with previous findings [32] , in our experimental conditions, water-soluble GNR-CTAB showed no propensity to be immobilized on the glass surfaces. This behavior could be due to the high concentration of CTAB in the water-soluble GNR solutions (both concentrated and diluted) used, which is a condition necessary for preserving GNR stability in solution but hinders the interaction of GNRs with the glass surface [33] . In contrast, lipophilic GNR-1 showed a clear tendency to be immobilized on the mercaptosilane-modified glass surfaces. Monolayer functionalization, as well as avoiding the crystallization of ligand excess, makes the GNRs in GNR-1 more readily available for immobilization compared with those in GNR-CTAB underlining the usefulness and the potentialities of monolayer protected nanoparticles [14] . Figure 4 shows UV-visible absorption spectra of the starting lipophilic GNR-1 (solution) and of the GNR-1 coated glasses (the solid-state form). UV-visible spectra confirm the immobilization of the GNR-1 on the glass surface for all the samples prepared, independently of time of incubation and GNR concentration. In detail, looking at the samples obtained by incubation with concentrated GNR-1 solution (C samples), we see that the absorption of GNR-1 coated glass increases with the time of incubation. This trend is stronger at the LPR maximum where the absorbance after 30 min of incubation ('C-30 min') is ∼0.04, increasing to ∼0.10 after 2 h of incubation ('C-2 h') and reaching ∼0.16 after incubation overnight ('C-over'). No further increase of absorption was noted after the overnight incubation. Looking at the full width at half-maximum (FWHM) of the LPR band, a slight propensity to form aggregates of GNRs over time can be observed. The high concentration of GNRs probably induces instability in the system in the presence of mercaptosilane-modified glass surface, which leads to the formation of small GNR agglomerates before their immobilization on the glass surface. Furthermore, the position of the LPR max band changed from 664 to 672 nm with increasing time of incubation, becoming quite close to the LPR band position for the GNR-1 in chloroform solution (λ LPR = 673 nm). This is probably related to the change of refractive index of the medium surrounding the GNRs [23, 34] , but further investigation will be necessary to achieve a detailed understanding of this aspect. Likewise, the UV-visible absorption profile confirms the immobilization of GNR-1 on glass substrates by incubation overnight in diluted GNR-1 solution (the D-over sample). In particular, the LPR band absorption profiles for D samples appear narrower (with smaller FWHM) than those for all the previous C samples, showing a blue-shifted LPR band at 667 nm. This indicates that with a diluted solution, the aggregation of GNR-1 can be reduced or completely avoided, with the optical properties of GNR-1 transferring completely to the final solid-state device. Also in this case, no further increase of absorption has been noted by UV-visible spectroscopy, indicating a possible complete saturation of the thiol groups on the glass surface without affecting the UV-visible properties of GNR-1.
After silane surface functionalization with MPTS, water static contact angle measurements proved a decrease in the hydrophilicity of the glass surface (see ESI, S1, available at stacks.iop.org/Nano/23/055605/mmedia), due to the hydrolysis and condensation of the silane which orient the molecule with the thiol group extended normal to the surface. After incubation with GNR-1 solutions, independently of the incubation conditions tested, glass substrates show no significant CA variations as compared with MPTS glass. This indicates that GNR-1 surface coatings show similar surface energies to the MPTS-functionalized glass, which underlines the lack of evidence of 3D GNR agglomeration on the glass surface which could significantly alter the roughness and consequently the wettability of the glass surface. Analysis of AFM images allows us to obtain further insight into the surface morphologies of the GNR coated glass. In particular, we further confirmed the absence of aqueous GNR-CTAB on the glass surface for all conditions tested, while lipophilic GNR-1 tends to attach to the glass, lying along the long axis. In the main, AFM micrographs show that GNR-1 tends to show side-by-side aggregation rather than tail-to-tail aggregation, in a flat configuration maximizing the surface contact with the MPTS glass. Figure 5 shows the disposition of GNR-1 immobilized on C-over and D-over samples at different magnifications. Comparing the morphologies, it is evident that on increasing the concentration of GNR-1 solution we move from nearly isolated GNR-1 to clusters (with ∼4-10 GNRs), which is in full agreement with the previous observations made from UV-visible spectrum profiles. Therefore, the remarkable preservation of UV-visible absorption properties in D-over samples can be attributed to the discrete space that separates single GNR-1 units. The height of immobilized GNR-1 has been measured statistically from the height distribution graph (figure 6), in which the difference (∼17 nm) between the positions of the peaks is the average height of the immobilized GNR-1. Such values, which are similar for the C-over and D-over samples, demonstrate the achieving of a monolayer GNR-1 coating, indicating that only the GNRs directly in contact with the functionalized surface can be immobilized. D and C samples show similar roughnesses (RMS) of 7.6 ± 0.3 nm and 7.9 ± 0.2 nm, respectively. As expected, these data are increased in comparison with those for mercaptosilane-modified glass (∼0.55 nm) and this further confirms the presence of a single layer of GNR-1 over the glass surface. In light of this, considering that D and C samples show similar UV-visible absorption intensity at the maximum of the LPR band, the numbers of GNR-1 units on the surface must be nearly the same, as is indeed confirmed by calculation of the percentage of the surface covered by GNR-1, which is, for both samples, ∼35%.
Conclusions
In conclusion, our results clearly demonstrate the feasibility of immobilizing GNRs on a solid support such as a thiolfunctionalized glass slide, preserving their unusual optical properties. This result is made possible using lipophilic GNR-1, obtained by changing the surface chemistry of GNRs in a well-defined manner. Using MD simulations, further insight into the thiol molecule arrangement on a gold surface has been obtained, highlighting the strong H network promoted in the 1 SAM. Understanding how to manipulate GNRs on solid-state supports (such as glass surfaces) opens the way to a wide spectrum of potential multifunctional applications in materials science, on the basis of their unusual and customizable properties.
